Irradiation with electrons is an efficient approach to inducing a large number of defects with a minimal impact on the material itself. Analysis of the energy transfer from an accelerated particle smashing into the crystal lattice shows that only electrons with MeV energies produce point defects in the form of interstitial ions and vacancies that form perfect scattering centers. Here, we investigate the changes in the resistive characteristics of YBCO single crystals from the 1-2-3 system after several steps of low-temperature irradiation with 0.5 − 2.5 MeV electrons and irradiation doses of up to 8.8 × 10
I. INTRODUCTION
As is known, electron irradiation along with thermal processing 1,2 , introduction of artificial defects 3,4 as well as application of a high pressure [5] [6] [7] [8] [9] [10] and strong magnetic 11,12 or high-power-level electromagnetic 13, 14 fields belong to efficient approaches to modify the electrophysical and structural properties of superconducting compounds. In particular, the major experimental problem in studies of the effect of disorder in high-T c superconductors is the introduction of point defects with a minimal impact on the material itself. In the case of chemical substitutions [15] [16] [17] [18] , there is always a question of whether the foreign ions change not only the scattering but other parameters, such as the chemical potential and the band structure. Irradiation with energetic particles is an alternative way to introduce defects. However, the nature of the defects produced depends on the irradiation type 19 . Protons, α particles, and neutrons most likely produce cascades of clusters of defects, while heavy ions produce columnar tracks or linear defects 3, 20 , which are difficult to analyze within simplified pointlike potential scattering models. In addition to area-selective removal of the superconducting material, allowing one to efficiently manipulate magnetic flux lines (Abrikosov  vortices) 21-28 , irradiation with ions at energies ranging from a few to a few tens of keV leads to surface corrugation, material amorphization, vacancy generation and ion implantation in the processed region [29] [30] [31] [32] [33] [34] . In this respect, irradiation with electrons is an efficient approach to inducing a large number of defects without modification of the composition of the irradiated sample [35] [36] [37] [38] . Indeed, these defects are charged, but the overall charge change is compensated, so that there is a negligible shift of the chemical potential due to irradiation 39 . Analysis of the energy transfer from an accelerated particle smashing into the crystal lattice shows that only electrons at energies of 1 − 10 MeV produce point defects in the form of interstitial ions and vacancies (Frenkel pairs) that presumably form perfect scattering centers 39 . According to estimates for Y-Ba-Cu-O, electrons at an energy of 1 MeV cause shifts of any of the constituent atoms, while their penetration depth exceeds the crystal thickness which is between 10 µm and 100 µm, typically 39 . For such crystals, the estimated energy losses for 1 MeV electrons amount to 3% to 8%. As revealed by electron microscopy, electron irradiation leads to the formation of point disorder and/or small clusters which act as pinning sites 40 .
While there have been extensive investigations of different aspects of the conducting and superconducting properties of the 1-2-3 YBCO system 12,41 , much less work was concerned with electron-irradiation induced changes in the electric charge scattering therein. In particular, there has been a series of studies of the influence of electron irradiation with energies up to 3 MeV and fluences up to 7 × 10 19 cm −2 on the superconducting and normalstate transport properties of Y-Ba-Cu-O single crystals, such as the superconducting transition temperature T c , the critical current density J c , the pinning strength for magnetic flux quanta, as well as the low-temperature resistivity 39, [42] [43] [44] [45] . At the applications-related facet, an enhancement of the critical current density after electron irradiation is of major importance. This enhancement is caused by irradiation-shifted Cu atoms in the CuO 2 planes, which act as strong pinning sites 39 . Specifically, irradiation of YBCO single crystals with 3 MeV electrons below 10 K and a fluence of ≃ 5 × 10 19 cm −2 results in the appearance of a quasi-two-dimensional system with a characteristic T c for each of the "phases"
42 . This is accompanied by a decrease of T c in conjunction with a broadening of the superconducting transition and an increase of the normal-state resistivity 42 . The irradiationinduced phase segregation appears in consequence of the anisotropy of the damaged areas in the sample produced by irradiation. Namely, oxygen defects primarily appear in the basal Cu(1)-O(4) plane so that the irradiationinduced decrease of T c in YBCO is associated with the displacement of oxygen and copper in the CuO 2 planes as well as with the irradiation-induced point disorder 43 .
The strong influence of point defects on the superconducting characteristics of YBCO single crystals is caused by the small coherence length 8, 46, 47 . These defects behave as strong pinning sites for magnetic flux quanta 41 . At the same time, point defects noticeably affect the normal-state resistivity of systems with metallic conductivity. This manifests itself via an enhancement of the residual resistivity along with a change in the system's phonon spectrum 48 . Accordingly, investigations of the influence of electron irradiation on the electrical resistance of YBCO single crystals are expected to yield important information on the interaction of the charge carriers with the phonon and defect subsystems. Here, we show that defects appearing in consequence of electron irradiation not only increase the residual resistance, but they also affect the phonon spectrum of the system and lower the superconducting transition temperature. Furthermore, the irradiation-induced defects are distributed non-uniformly, that manifests itself via a broadening of the superconducting transition. Interestingly, the excess conductivity remains almost unaffected after the used electron irradiation.
II. EXPERIMENT
The samples are YBCO single crystals grown in a gold crucible by the solution-melt technique 49 . After the growth, the crystals were saturated in an oxygen atmosphere at 430
• for four days. All investigated samples were twinned, while the twin planes had a block structure. The electrical resistance was measured in the standard four-probe geometry. The typical dimensions of the crystals were (
3 , where the smallest size corresponds to the c-axis. The transport current was applied along the largest side of the sample. The distance between the voltage contacts was 1 mm. Electron irradiation was done with electrons at energies in the range 0.5 − 2.5 MeV in a cryostat at T ≃ 10 K. The cumulative dose 10 18 cm −2 at an electron energy of 2.5 MeV produces a concentration of 10 −4 displacements per atom, averaged over all sublattices 39 . The helium cryostat allowed for measurements in the temperature range 10 K < T < 300 K directly after consequent irradiation steps. While measurements were done on five YBCO single crystals, in what follows we discuss the data acquired on one exemplary sample, since the scattering of the data and deduced parameters is less than 5% for different samples. 
III. RESULTS AND DISCUSSION
The temperature dependences of the normal-state resistivity ρ nab (T ) are presented in Fig. 1 for a series of irradiation doses. The ρ nab (T ) curves fit to
where ρ 0 is the residual resistivity due to charge carriers scattering on defects and ρ ph is due to scattering on phonons, described by the Bloch-Grüneisen formula
In Eq. (1), the term b(e T1/T − 1) describes some excess conductivity. The fits ρ nab (T ) to Eqs. (1) and (2) are shown in Fig. 1 by solid lines. In the initial, non-irradiated state the fitting parameters are the residual resistivity ρ 0 = 1.95 µΩcm, the Debye temperature θ = 41.5 K, the phonon scattering coefficient C 3 = 54.62 µΩcm, T 1 = 1132 K, and b = 3.2 × 10 −8 (µΩcm) −1 . The sample's resistivity at 300 K is ρ(300 K) = 199 µΩcm and it is characterized by RRR = 102, as defined in the next paragraph. The fitting error does not exceed 1%. The evolution of the fitting parameters after consequential irradiation steps is presented in Fig. 2 .
Proceeding to an analysis of the effect of the lowtemperature irradiation at 0.5 − 2.5 MeV energies on the resistive characteristics of the crystals, we begin with a general remark that the accumulation of defects in the sample due to the consequential electron irradiation is characterized by the residual resistivity ρ 0 . The evolution of ρ 0 with increase of the irradiation dose is nonmonotonic and it has a tendency to increase. This implies (2), and RRR = ρ(300 K)/ρ0 on the normalized residual resistivity in the non-irradiated state. 1 -θ/θ non−irrad. , 2 -C3/C 3 non−irrad. , 3 -T1/T1 non−irrad. , 4 -b/b non−irrad. , and 5 -RRR.
both, an accumulation of defects in consequence of the irradiation and annealing of the sample during the temperature sweep to 300 K. We note that the residual resistivity ratio, RRR = ρ 300 K /ρ 0 ≈ (ρ ph + ρ 0 )/ρ 0 , which is a measure of the disorder degree in the sample, decreases from RRR ∼ 100 (ρ ph ≫ ρ 0 ) to RRR ∼ 10 (ρ ph ≥ ρ 0 ) already after the first irradiation dose. By contrast, after further irradiation steps RRR increases weakly. The fitting parameters to Eqs. (1) and (2) allow us to analyze their evolution as a function of ρ 0 in Fig. 2 . Specifically, the increasing disorder degree, as reflected in the increase of ρ 0 , causes a five-fold increase of the Debye temperature θ. We attribute the small value of θ to the anisotropy of our samples as the interaction between the layers is much weaker than that in the layer planes. Thus, θ associated with the transverse oscillations (along the c-axis) is much smaller than θ related to the transverse oscillations in the layer planes 51 . Since ∆θ/θ ≈ −α∆V /V +β∆f /f , the larger ∆θ/θ ratio is stipulated by a larger ∆f /f ratio. Here, ∆V is the change of the unit cell volume while ∆f is the force constant change. In this way, irradiation-induced defects effectively increase the interaction between the layers. This is reflected in the isotropization of the phonon spectrum and results in the enhancement of the Debye temperature. Given the stoichiometry of the sample, we come with θ ≈ 345 K for the Debye temperature averaged over all elements.
The parameter C 3 characterizing the phonon scattering intensity of the charge carriers increases with increase of the irradiation dose. This agrees with the data of Ref.
52 for transient metals and is likely associated with the phonon spectrum deformation 48 . The parameters describing the excess conductivity, T 1 and b, are almost constant, namely T 1 ≈ (1080 ± 30) K and b ≈ (4 ± 1) × 10
µΩm −1 cm −1 . We note that T 1 is close to the pseudogap value deduced in Ref.
38 before the irradiation. Here, specific mechanisms of quasiparticle scattering 53-57 may play a role.
We turn to the superconducting characteristics of the samples with T c being determined at the low-temperature maximum in the derivative dρ/dT . The dependence of T c on the irradiation dose D qualitatively agrees with Ref. 44 and it fits to the law T c (D) = (91.6 ± 0.1 K) − (0.55 ± 0.03 K) × D, as shown in the inset of Fig. 1 . The linear law means that the defects responsible for the decrease of T c are not annealed at T ≤ 300 K. These defects are non-magnetic interstitial atoms shifted from their regular positions by incident electrons 39, 44, 58 . Figure 3 displays the derivatives dρ/dT near T c . The curves fit to
where Z = (T c − T )/w and w characterizes the width of the superconducting transition and ρ 1 ≈ 4w(dρ/dT ) max . In Fig. 3 one sees that the maxima in dρ/dT shift towards lower temperatures with increase of the irradiation dose. At the same time, the peaks are broadening, while their symmetry is maintained. The latter means that the distribution of the defects after the irradiation remains homogenous within the layer planes. The inset to Fig. 3 depicts the dependences of the half-height width ∆T c0.5 ≈ 3.52w of the derivative dρ/dT and the maximum heights on the residual resistivity ρ 0 . One sees that these characteristics monotonically change with increase of ρ 0 , that is with increase of the number of defects.
We believe that the preservation of the symmetry of dρ/dT with increase of ρ 0 points to that these are mesoscopic variations of the sample composition which are responsible for the broadening of its superconducting transition. In particular, the superconducting transition broadening means that different regions exist in the sample, whose T c s are in the range T c − ∆T c0.5 ≤ T ≤ T c + ∆T c0. 5 . The presence of these regions is associated with the variation of the defect concentration, primarily, of oxygen vacancies. In particular, in the case of smeared ferroelectric phase transitions such regions are known as Känzig regions 59 . The size of such regions can be estimated as ≃ 10 −5 − 10 −6 cm. The vanish of the electrical resistance in the sample is caused by the appearance of a superconducting region spreading over the sample, which shunts other regions with a lower T c as well as regions remaining in the normal state.
IV. CONCLUSION
To sum up, we have investigated the effect of lowtemperature irradiation with electrons at energies of 0.5 − 2.5 MeV on the resistive properties of YBCO single crystals. Namely, such irradiation has been reveled to lead to the appearance of a larger number of defects already at doses of ≈ 1.4 × 10 18 cm −2 (Fig. 1,  curve 2) . With a further increase of the irradiation dose the disorder degree increases slowly (Fig. 2, curve 5) . Irradiation-induced defects reduce the anisotropy of the sample. They enhance charge scattering on phonons, reduce the critical temperature and broaden the superconducting transition. The excess conductivity remains almost unaffected after the used electron irradiation.
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